Due to the need to know and modify the radiation pattern of the ultrasonic sensors, to suit them to a particular application, in this paper is presented an automated measure system to obtain the radiation pattern for ultrasonic sensors in air. The system allows to obtain the radiation pattern in different conditions, for example for checking the characteristics of the ultrasonic sensors provided by the manufacturer, or for obtaining the modifi cations in the radiation pattern when a mechanical element is coupled to the ultrasonic sensor. In addition, the system has been improved by shortening the measurement time and decreasing the volume of data needed to carry out a measure. Furthermore, due to the fact of implementing the system inside a climatic chamber, the system allows to analyze the infl uence of environmental factors such as temperature and humidity, plus an evaluation of the degradation behaviour of the ultrasonic sensors in air under conditions of high temperature and humidity. At the end of the paper, two measurements have been done and the results have been compared with the characteristics of the radiation pattern provided by the manufacturer. Finally, a robust measurement system is presented, designed to fi nd the modifi cations in the radiation pattern of an ultrasonic sensor when it is coupled to a mechanical element.
INTRODUCTION
Varied and diverse ultrasonic applications can be found in industrial processes, such as measurement of distances and thicknesses [1] [2] [3] , object recognition [4, 5] , quality control, to discover the presence of faults in pieces [6] [7] [8] [9] [10] , and in applications in medicine [11] , such as tumour localization, gynaecological applications, etc.
The principal limitation in the use of ultrasonic sensors is the operation frequency [12, 13] . If the excitation frequency of the ultrasonic sensors is increased, a decrease is produced in their range, but a more directed radiation pattern is achieved. Depending on the application in which the ultrasonic sensors are being used, it may be necessary, for example, to increase the operating distance and direct the beam more. To achieve a greater working range, it is necessary to reduce the frequency. In contrast to obtain a more directed beam, it is necessary to increase the frequency. To obtain both effects simultaneously, without changing the ultrasonic sensor, there are different techniques to modify the radiation pattern including the use of arrays of sensors or coupling mechanical elements, such us horns, to the ultrasonic sensor. The latter option can be highlighted as it does not increase the hardware complexity of the system and is cheaper and easier to use [14] [15] [16] [17] [18] [19] [20] [21] [22] . The geometric and physical characteristics of the coupled element must be carefully chosen to obtain a more suitable radiation pattern. For a specifi c application, it is necessary to obtain a simulated model, and then verify its applicability in an experimental way [23] [24] [25] .
The ultrasonic radiation pattern gives all the necessary information about the characteristics of a sensor, in order to determine whether it can be used in a specifi c application [26, 27] .
The radiation pattern of an ultrasonic transducer is generally a data supplied by the manufacturer. For this reason, the changes produced in it due to the infl uence of different factors (for example temperature, humidity, frequency, size, mechanical elements attached to the own sensor) can't be evaluated. The methods to characterize the ultrasonic sensors depend on the specifi c requirements of each problem [28] . In this work, it is presented an automatic system to characterize ultrasonic sensors working in air and derives from the necessity to verify the radiation pattern characteristics given by the manufacturer and, furthermore, it can be used to obtain new characterizations of ultrasonic sensor when it is combined with mechanical elements of different geometries. For this purpose, it is important to design and implement an automatic system that provides a fast, reliable and versatile way to obtain the ultrasonic radiation pattern, both in free radiation case and in the case of a horn coupled to the sensor.
The second section provides a brief description of the independent elements which integrate the complete system. The elements used are a positioning system, a data acquisition system and the environmental condition monitoring system. This complete system is placed in a climatic chamber which enables the different environmental conditions to be established.
The third section describes the procedure used to assemble all the parts of the automatic system in a physical way, taking into account all the particularities arising during development. Moreover, the process to obtain the radiation pattern is described.
The last section of the work describes the behaviour of the automatic system for two different sensors, operating at distinct frequency, with the aim of discovering the radiation pattern. Moreover, this section describes the development of a resource optimization. Finally, a validation of the measurement system developed from the data supplied by the manufacturer is provided.
2 MEASUREMENT SYSTEM DESCRIPTION Due to the repetitively in the process of characterization or modifi cation of the radiation pattern of an ultrasonic sensor, it is necessary to develop an automatic system to carry out this process in a straightforward way. In addition this system must be versatile enough to be able to change the transducer, the mechanical element or the environmental conditions without making a lot of changes. The system presented in this work is made up of several independent subsystems in order to be able to control, to modify and if necessary to adapt the system conditions to the necessities of each application.
Climatic system
In previous works the infl uence of temperature and humidity on ultrasonic propagation has been studied [29, 30] . It should be highlighted that both humidity and the temperature affect the ultrasonic velocity, although the infl uence of the temperature on the propagation is greater. However, the infl uence of temperature and humidity on the amplitude of the ultrasound is similar. Therefore, it is necessary to obtain the radiation pattern when the temperature and the humidity are known and controllable. Therefore, measurements were made inside a climatic chamber, manufactured by Dycometal, which enables the temperature to be varied from −40°C to 150°C, and the humidity to be varied from 15% to 85% when temperature is between 10°C and 85°C. Figure 1 shows the access to the chamber and the control panel of the climatic chamber. The chamber dimensions are 4.35 m long, 1.50 m wide and 1.90 m high.
Furthermore, in order to visualize the process without changing these climatic conditions, a monitoring system was developed, made up of a camera inside and a monitor outside the chamber.
Positioning system
To obtain the ultrasonic radiation pattern, it is necessary to sweep the spatial positions to measure the acoustic pressure at each point of the workspace. The robot used was a Yamaha SXYBX, which has three degrees of freedom. The fi rst one allows a linear displacement in the direction of the axis from emitter to receiver. The maximum length of this linear guide is 3 m and it has a precision of 1 mm. The second degree of freedom is the height of the emitter, which has the precision of 1 mm too, although its maximum value is 1.5 m. The third one corresponds to a rotation of the sensor around the vertical axis, which gives the angle between the emission axis and the direction between the emitter and the receiver. Its precision is 0.1°. In Fig. 2 , the robot used is shown inside the climatic chamber.
To move the robot it is necessary to use a controller. In this case we chose a controller from the same manufacturer, model RCX40, which enables the control of four degrees of freedom. 
Data acquisition system
The acquisition system is made up of a PC and a data acquisition card, which is shown in Fig. 3 , National Instruments, model NI PCI6110, which has a maximum sampling frequency of 10 6 samples/second, and it is enough to obtain the echo of ultrasonic sensors in air up to 150 KHz. For the characterization of ultrasonic sensors operating at a higher excitation frequency, it would be necessary to use a data acquisition card with a higher sampling velocity or special sampling techniques.
MEASUREMENT METHOD DESCRIPTION
Once the hardware system is defi ned, the software part of the system should be developed. In this section, two stages are distinguished. The fi rst stage is the process of acquiring and storing the measurements. Second stage is the processing stage where the radiation pattern is obtained from the measurements acquired in fi rst stage.
Measurement system process
From the isolated operation of the systems previously described, it is necessary to assemble the whole system. Figure 4 shows a block diagram in which the connections and relationships between the systems are established.
Two external circuits should be highlighted, the elevator and reducer voltage circuit, which have been added because the data acquisition card and the robot controller work at different voltages.
Before beginning the data capture process, it must be taken into account that the robot requires an origin of the coordinates. This origin allows the robot to adopt the same initial position, thus avoiding false positions between emitter and receiver. This coordinate origin was chosen at the position in which emitter and receiver were nearest, at the same height and in such a way that the angle between them was 0°. The height was chosen so the emitter was not too close to the fl oor or the ceiling of the climatic chamber, to avoid undesired rebounds. This position also enabled easy access and the emitter and receiver to be placed at the same height.
The user confi gurable parameters at the beginning of the application are temperature and humidity inside the climatic chamber, the initial and fi nal distance where the user wants to start the measurement, taking into account the limits established by the robot guide and the frequency necessary to excite the sensor. The measurements will start when the desired temperature and humidity have been reached inside the climatic chamber.
To displace the robot to any position, it is necessary that the data acquisition card sends a pulse to the robot controller. Then, the controller, through a program supplied by the manufacturer, moves the robot to this position. When this movement is fi nished the controller sends a pulse to the data acquisition card confi rming that the robot has moved.
In each position of the robot, the ultrasonic acoustic pressure obtained by the receiver is acquired. In an attempt to reduce errors and undesired noise, in each position, ten ultrasonic echoes are acquired and their average has been saved as the signal to be processed in the next stage. Figure 5 shows the trajectory followed by the robot. In
Step 1, the emitter and receiver are opposite. To choose this point, it was taken into account that the beam pattern is symmetrical with respect to the axis between emitter and receiver, and so the number of sweep positions adopted by the robot can be reduced by half. Each time the principal program sends a pulse to the controller, it sends an order to the robot to change the degree of freedom corresponding to the angle formed by the emitter and receiver, and so passing the robot into Step 2. When the robot has moved to this new position, the controller sends a pulse to the data acquisition card to verify that it has fi nished its movement. This process is repeated until the angle between emitter and receiver is 90°, as is shown in Step 3. Then, the controller receives a pulse and orders the robot to move to Step 4, when the emitter and receiver are opposite and the distance between them has also decreased.
In Fig. 6 it can be seen the full fl owchart of the data acquisition process. First, the temperature and the humidity desired inside the chamber is fi xed by the user. Once these conditions are satisfi ed, the measure will start. After this the user sets the initial and the fi nal distance of the measure. Then the robot goes to the position indicated by the initial distance and with the sensors faced. The emitter is excited by a card pulse, and the echo is saved. Then a movement in the angular position is done. This step is repeated so many times as necessary to achieve 90°. In this moment, the data are saved. Notice that the data contains all the echoes at the same distance but different angular positions. After this, the distance between emitter and receiver is shortened. In the same way as before, this step is repeated until the distance between the sensors reaches the fi nal distance. In this moment the measure fi nishes.
Process description
The radiation pattern provides the value of acoustic pressure got by the receiver at different points of the space. To obtain this value, the signal has been fi ltered and the Hilbert transform is applied to obtain the envelope of the echo. Therefore, the acoustic pressure is the maximum of this envelope at each point. Notice that due to the confi guration, the acoustic pressure searched is the value of the fi rst maximum, which corresponds with the direct distance between the emitter and the receiver. In this way, the possible rebounds with the walls of the chamber are avoided.
Once the fi rst maximum of the signal is obtained at each point depending on the distance and the angle between the emitter and the receiver, the radiation pattern can be plotted in polar or in Cartesian coordinates, changing coordinates via software.
PERFORMANCE OF MEASUREMENTS
To obtain the characterization of a radiation pattern of a sensor with the system developed, two hexamite sensors (model HX25TR) were used for measurement, one operating as emitter and the other as receiver, both at a frequency of 25 KHz. These sensors can achieve long distances using suitable electronics. For the distances inside the climatic chamber, there is no necessity to use any additional electronics.
It must be taken into account that the movement of the robot must be synchronized with the excitation of the emitter and the signal obtained by the receiver, and overlap must be avoided. Therefore, the data acquisition by the ultrasonic system is carried out between the pulse that the controller sends to the data acquisition card indicating that the movement has fi nished and the pulse sent by the data acquisition card to the robot controller to order a new movement.
In these conditions a measurement was made, in which the angle between emitter and receiver varied from 0° to 90°, due to the symmetry of the pattern, with a step of 1°. The distance between them was varied from 3.18 m to 0.18 m with a step of 0.01 m. The initial distance of 0.18 m between emitter and receiver will enable mechanical elements to be coupled to the sensor in next works, with the objective of modifying and obtaining the new radiation diagram.
Using the Fast Fourier Transform (FFT) the optimal excitation frequency of this sensor and the bandwidth are obtained. The optimal excitation frequency is the frequency that produces the maximum value in the FFT calculated. The bandwidth is obtained from the value of the optimal excitation frequency, and then the frequencies in which the signal has decreased 6dB are calculated. Figure 7 shows the FFT at a distance of 52 cm. With the average of all the measurements, we obtain an optimal excitation frequency of 25.68 KHz and a bandwidth of 1.38 KHz. Figure 8 shows the radiation pattern of an ultrasonic sensor working at a frequency of 25 KHz in Cartesian coordinates, at a temperature of 20°C and humidity of 80%.
To obtain the width of the principal beam, it is necessary to obtain the maximum of the signal at a specifi c distance, and then the angle is calculated when the amplitude of the signal has decreased 3dB. In our case, the angle obtained was 23.65°. Figure 9 shows the width of the beam at a distance of 52 cm.
The program enables the radiation pattern to be obtained in polar coordinates, as well. Figure 10 shows the radiation pattern of the same sensor, but in polar coordinates.
Due to the large number of points in the workspace, the duration of the full process is very long, approximately 27 hours. With the aim of optimizing this time, a comparison is made between two echoes, at the position where the sensors are opposite and their separation has decreased by 1 cm. For this comparison, it is necessary to carry out real-time pre-processing of both echoes to obtain their maximum value. If the maximum value of the second echo, for the position in which the sensors are 1 cm nearer, does not surpass the maximum value of the previous echo by 10%, the robot moves the sensors 1 cm closer, i.e. the distance becomes 1 cm shorter. This step is repeated successively until the difference between the fi rst and the second echoes is at least 10%. When this is achieved, the acquisition is carried out at this distance and the previously described angular sweep before is carried out from 0° to 90°. Notice that this also produces a reduction in the data volume. The measurement process also includes an optimization of the dimension of the data saved. To perform this optimization, two consecutive echoes are taken at the same distance, but with a difference in their angular position of 1°. In the same way as was done for the temporal optimization, it is necessary to carry out real-time pre-processing in order to fi nd out whether the maximum value of the second echo captured is 10% smaller than the fi rst echo. If this condition is satisfi ed, the robot is moved without saving data. If not, the echo is saved.
To verify that the system functions correctly both in terms of its temporal optimization and the optimization of the quantity of data saved, a new radiation pattern measurement is made with two Hexamite sensors working at 40 KHz. The measurement time is noticeably reduced, to about 3 hours, providing a time reduction of 90%. The data volume also decreased to 30% of the initial data volume. In Fig. 11 , we can see the FFT of the signal received at 80 cm, where the optimal excitation frequency is 39.62 KHz and the bandwidth is 2.02 KHz. Figure 12 , we can see the radiation pattern of the sensor working at 40 KHz in polar coordinates. It can be observed that the beam width has decreased, demonstrating that on increasing the excitation frequency, the directivity of the ultrasonic beam increases. To validate the intelligent automatic system, the data provided by the manufacturer were compared with the data obtained in the experimental measurements in terms of the main beam width, the optimal excitation frequency and the bandwidth. The results obtained are shown in Table 1 .
CONCLUSIONS
This work describes the development of an automatic system for characterizing ultrasonic sensors and to obtain the radiation pattern, through assembly and coordination of different types of subsystems, namely, positioning system, climatic system and data acquisition system. This automation originates from the need to obtain the ultrasonic radiation pattern for different sensors and/or in different conditions. Thanks to this automation and the versatility of the system, we can easily fi nd the modifi cations that the radiation patterns undergo when the sensor is changed. In the development of the system, the method for changing the sensor without affecting any part of the system has been considered thoroughly, and for this reason, the connections are made in a zone outside the climatic chamber, which is prepared specifically for this purpose. A system optimization has also been introduced to noticeably reduce the time taken and the volume of data.
In the fi nal part of the work, an experimental validation of the measurement system has been carried out, using two sensors of Hexamite and the characteristics of the radiation pattern given by the manufacturer. The similarity in the results allows to validate the measurement system implemented and developed to characterize ultrasonic sensors working in air.
This system enables the modifi cations of the radiation characteristics to be precisely obtained when a mechanical element is coupled to the sensor, in order to provide the horn characteristics to obtain the most appropriate radiation pattern for the application.
Moreover, the ultrasonic sensor behaviour with different environmental conditions and operational limits can also be studied. 
